To protect the water tower's ecosystem environment and conserve biodiversity, China has been implementing a huge payment program for ecosystem services in the three rivers source region. We explored here the dynamics of grassland degradation and restoration from 1990 to 2012 and its relationships with climate mitigation in the TRSR to provide a definite answer as to the forcing and response of grassland degradation and restoration to climate change. Then we estimated its potential of climate mitigation benefits to address the question of whether ecological restoration could be effective in reversing the decline of ecosystem carbon mitigation service. The trend of average annual temperature and precipitation observed by meteorological stations were approximately increased. Compared before and after 2004, the area of grassland degradation was increased slightly. However, nearly one-third of degraded grassland showed improvement, and the grassland vegetation coverage showed significant increase. Comparing current grassland vegetation coverage with healthy vegetation cover with the same grass type, nearly half of the area still needs to further restore vegetation cover. The grassland degradation resulted in significant carbon emissions, but the restoration to its healthy status has been estimated to be technical mitigation potential.
Introduction
Ecosystem degradation is causing decline in ecosystem condition and widespread biodiversity loss, leading to reduced provision of ecosystem services [1] [2] [3] , and may cause the irrevocable loss of ecosystem functions such as soil and soil moisture retention, regulation of water flows, and regulation of carbon and nitrogen cycles [4, 5] . Ecological restoration is regarded as a major strategy for reestablishing and increasing the provision of ecosystem services as well as reversing biodiversity losses [3, 6] , but conflicts can arise, especially if single services are targeted in isolation, and the recovery can be slow and incomplete [3] . In addition, a lack of scientific understanding of the factors influencing provision of ecosystem services and of their economic benefits limits their incorporation into land-use planning and decision making [7, 8] .
The many ecosystem services from grasslands will be valued variously by different stakeholders, in which local stakeholders may tend to value productive services and specific ecosystem services such as hydrological services, while international valuations may apply to niche products or for biodiversity conservation services [5] . However, there are usually trade-offs between the different ecosystem services targeted [9] . Restoration of converted grasslands may improve ecosystem services functioning [10, 11] , in some cases to levels comparable with nondegraded grasslands, but may not be able to fully restore ecosystem service provision to that of natural grassland [10, 12] .
Change in vegetation cover at landscape scale has potential to influence regional climate [13] , which may be larger than the effects of global climate change [5] . Various methods of improved grassland management can sequester carbon in soils [14] and in below-and aboveground biomass [15] . Compared to other mitigation options, grassland mitigation is cost-competitive [16, 17] . Climate change mitigation services in grasslands may provide an entry point to the valuation of grasslands for their conservation and restoration.
Advances in Meteorology
Globally, grazing land management has been estimated to have a technical mitigation potential of 1.5 Gt CO 2 eq p.a. to 2030 [5] . Degraded grasslands may have significant potential for carbon sequestration [18] , through protection and restoration of grasslands. Unfortunately, data on the restoration potential of degraded grassland is not available. Systematic documentation and analysis of costs of protecting and restoring grasslands are still limited [5] .
More analysis and evidences are crucially required to provide a definite answer as to the forcing and response of grassland degradation and restoration to climate change and its potential of climate mitigation benefits. Here, we explored in detail the dynamics of grassland degradation and restoration and its relationships with climate mitigation in the TRSR. Specifically, we ask the following questions: (1) how to analyze the dynamics of grassland degradation and restoration under the climate change? (2) Whether ecological restoration could be effective in reversing the decline of ecosystem carbon mitigation service? (3) Will a focus on the ecosystem service enable providing a mechanism for their potential climate benefit?
Methods

Study Area.
The TRSR (Figure 1 ), covering 0.36 million km 2 , is located in the northeast of the Tibetan Plateau. It is the source region of the Yangtze River, the Yellow River, and the Mekong River and also one of the most important biodiversity hotspots in China. Glaciers, permafrost, and snows are widespread here owing to its average altitude of above 4,000 meters and annual temperature of −5.6∼ −3.8 ∘ C. It is also regarded as a gene bank of 2,238 rare species of vascular plateau plants and suitable habitat for more than 400 endangered animal species. Nearly 600 million people who live downstream depend on the proper functioning of the rivers in this region for their livelihood. About 0.6 million people live in the region, in which 68.15% are herders. The Sanjiangyuan National Nature Reserve (SNNR) located in TRSR is the highest and most extensive wetland protected area in the world and has an area of 0.15 million km 2 , which could be divided to 6 subareas and consists of 18 conservation areas. Since 2005, $7.5 billion yuan (US $924.79 million) was provided by Chinese government to conserve and restore the ecological environment in SNNR, with a focus on alpine swamp meadow and natural habitat of the unique wildlife.
Grassland Vegetation Coverage.
Vegetation coverage is one of the most important indicators to measure the status of land surface vegetation, and its changes reflected the growing conditions of the vegetation. In this paper, the semimonthly 1 km NOAA-AVHRR (1990-2000) and 1 km SPOT-VGT (1998-2012 years) were collected as the data source. We produced the annual maximum NDVI values through maximum value composite (MVC). The linear regression analysis and correlation analysis were processed in overlap years (1998) (1999) (2000) of AVHRR and VGT by pixel average, and linear regression relationships between AVHRR and VGT data for the three years were established. The AVHRR data were corrected grid by grid applying these relationships.
And then we applied 1 km NDVI data products to calculate and analyze annual average maximum vegetation coverage in the periods before (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) and after (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) ) the implementation of ecological conservation program in TRSR, to show the vegetation growing recovery and/or deterioration.
To illustrate the potential of vegetation growing in this area, we have produced the vegetation coverage distribution map of healthy grass ecosystem, which was extracted from average coverage of typical grass lawn in same zonal groups according to the type of "Qinghai Grassland Survey. " We considered that the healthy vegetation coverage with the same grassland type is future recovery goals that we could achieve. In order to reflect the changing trend of grassland ecosystems more accurately, especially improved and restored grassland, we developed the change trend classification system of degraded grassland, based on the status of grassland degradation. Based on the remote sensing interpretation map of grassland degradation in the periods of 1990-2004, we produced change situation map of degraded grassland ecosystem from 2004 to 2012, by comparing TM or ETM remote sensing images in 2004 and 2012, which consists of new occurring degradation, intensified degradation, nonchange, slight restoration, and substantial slight restoration. According to the change information of degraded grassland, we determined the growth variation of grassland vegetation.
Climate Change Factors Analysis.
The TRSR has few national and local stations with weather records spanning 1960s to present. For the long-term meteorological station, we obtained daily data sets of thirteen national stations, including daily maximum and minimum air temperature, air pressure, daily total water equivalent precipitation, relative humidity, snow depth, and evaporation from China Meteorological Bureau. The temperature and rainfall data sets of well-distributed sites were interpolated by the software ANUSPLIN, which considered the impacts of terrain factors and was suitable for long-term observed data.
The moisture index equals the ratio of annual precipitation and annual potential evapotranspiration (PET). For each meteorological station, we estimated annual potential evapotranspiration and moisture index using ground meteorological measurement and DEM as input data, applying improved Penman-Monteith and Thornthwaite moisture index to fusion processes and then to estimated water balance of this region for each year. The improved Penman-Monteith recommended by FAO in 1998 presented the PET and Thornthwaite moisture index as follows:
In (1), 0 is the potential evapotranspiration (mm day −1 ), is canopy net radiation (MJ m −2 day −1 ), is soil heat fluxes (MJ m −2 day −1 ), is the air temperature at 2 m height ( ∘ C), 2 is the wind velocity at 2 m height (m s −1 ), and are saturation vapor pressure and actual water vapor pressure, respectively (kPa), Δ is curve slope of saturation vapor pressure (kPa ∘ C −1 ), and is constant of psychro-
Carbon Density Change.
The conversion of grassland to arable land causes significant emissions of carbon to the atmosphere. For restoration and improved management of grasslands, Table 1 gives some local estimates of mitigation potential per unit area, which was meta-analyzed from other published references [19] [20] [21] [22] [23] [24] [25] . High values of humidity index were mainly distributed in area with relatively lower temperature and potential evapotranspiration and higher rainfall, such as higher mountains in the southeastern and southern part. Low values were mainly distributed in the area of lower temperature, potential evapotranspiration, and annual precipitation, such as alpine steppe and desert areas in northwestern part.
Results
Climate Change in Three River
Grassland Degradation and Restoration over the Past 40
Years. The spatial distribution pattern of degraded grassland in three rivers source region has been basically formed (Table 2) , the grassland degradation in TRSR showed mainly the light and moderate degradation, with severe degradation occurring only in local area. The slightly degraded grassland accounts for 22.88% of the region's total grassland area in 1970s∼1990, and it rose to 23.93% from 1990 to 2004, an increase of 1.05%. In the late 1970s to 1990, the moderately degraded grassland accounted for 9.5% of the total grassland, while it rose to 11.74% from 1990 to 2004, an increase of 2.24%.
From 2004 to 2012, the original patches of grassland degradation in the TRSR showed varying degrees of restoration, and the grass situation even improved in some areas. The area of nonchange degradation was 60213.5 km 2 , accounting for 68.52% of the total degraded grassland. Improved grassland was 22927.5 km 2 , accounting for 31.02% of the total degraded grassland. Among the improved grassland, light improvement of degraded grassland accounted for 24.85% of the total degraded grassland, and obvious improvement accounted for 6.17%. The area of intensified degraded grassland was 297.5 km 2 , accounting for 0.34% of the total degraded grassland. The new occurrence of degraded grassland was 105.9 km 2 . Compared with the early 1990s to 2004, the light, moderate, and severe degraded grassland areas were significantly reduced, especially the moderately degraded grassland which decreased by 5.35%, while the light and severe grassland declined by only 0.33% and 0.09%.
The area of improved grassland in the source region of Yellow River, Yangtze River, and Lancang River were 9145.91 km 2 , 10750.49 km 2 , and 1409.68 km 2 , accounting for 42.93%, 50.46%, and 6.62% of the total improved grassland in TRSR, respectively ( Figure 5 ), which showed increasing rate of more than 10% in vegetation coverage and could be contributed to ecological protection and construction projects since 2005. Although the vegetation coverage of TRSR has improved significantly, but comparing it with healthy grassland vegetation coverage, the gap is large (Figure 2 , Table 5 cover with the same grass type, 46.11% of the area still needs to further restore vegetation cover, mainly distributed in the source region of the Yellow River and the Yangtze River.
Climate Change Mitigation Potential of Grassland Restoration.
From 1990 to 2004, the grassland degradation caused significant emissions of carbon to the atmosphere, which is estimated to cause an average loss of 6.466 MtC, 16.423 MtC, and 294.464 MtC from above-and belowground biomass and soil carbon pools, the main carbon pool in grassland ecosystem in TRSR (Table 6 ), in which slight degradation results in large portion of carbon losses and accounts for 64.37%, 52.04%, and 61.99% of the total loss from aboveand belowground biomass and soil carbon pools, respectively. However, grassland restoration in the periods only sequestered 0.346 MtC. From 2004 to 2012, the grassland degradation caused relatively lower emissions of carbon to the atmosphere compared to that before 2004, which is estimated to cause losses of 5.363 MtC, 12.78 MtC, and 241.087 MtC from above- and belowground biomass and soil carbon pools in TRSR (Table 6 ), in which slight degradation results in carbon losses accounting for 76.52%, 65.94%, and 74.66% of the total loss from above-and belowground biomass and soil carbon pools, respectively. In addition, grassland restoration in the periods sequestered 1.537 MtC, 4.4 times more than that before 2004. Various methods of grassland restoration and/or improved management can sequester carbon in soils and in below-and aboveground biomass. For restored and improved grasslands, we give some estimates of mitigation potential per unit area under the scenario of grassland restoring to healthy status. The estimates presented are subject to a range of assumptions and uncertainties. Yangtze River with relatively high carbon gaps. In particular the source region of Yellow River is a region with a significant carbon sequestration potential. In this area, the government is already supporting policies such as restoring grassland from grazing, area enclosure programmes, and intensive feed production systems to reduce degradation pressure which restore carbon and close the carbon gap.
Discussion and Conclusions
Climate Global environmental change, including climate change, spread of invasive species, and increased pollution, could strongly affect the ability to restore ecosystems. One response Advances in Meteorology 9 would be to determine how restoration might be used to increase resilience of biodiversity and ecosystem services to global change [26] . Recent progress in understanding the resilience of coupled social-ecological systems [27] provides a basis for understanding how this might be achieved in practice. Further research should identify thresholds beyond which ecological recovery might be slow or impossible and should suggest how changes in human behavior can be achieved to address the causes of ecological degradation [3] .
The impacts of climate changes on biological systems are manifested as shifts in phenology and physiology, the composition of and interactions within communities, the range and distribution of species, morphology, net primary productivity, and the structure and dynamics of ecosystems [28] . Ecological responses to recent climate change are already clearly visible by altering their phenology and geographical distributions [29] and changes even greater for the 21st century [30] . Climate change also poses a grave threat to biodiversity by exacerbating existing threats from landuse change, fragmentation, and environmental degradation [31] . Assessments of climate change impacts on biodiversity have often used bioclimatic envelope models [32] , to forecast continental-wide impacts of climate change on large numbers of species [33] . However, the complexity of ecological interactions renders it difficult to extrapolate from studies of individuals and populations to the community or ecosystem level. As a result of the widespread loss and fragmentation of habitats, many areas may become climatically unsuitable for many species [28] . It has been brought into a sharper focus by the increasing threats to protected areas through climate change and debate about whether protected areas remain relevant in periods of rapid biophysical and social change [34] .
Studies have occasionally examined impacts of climate change on conservation areas. Ecosystem projected to be primarily affected by climate change may require adapted measures, compared to that negatively affected by land-use change that could persist through protection of their remaining natural habitat [34] . The characteristics of protected areas, where planning has to be done decades in advance [35] , need to be reviewed under climate change to minimize the effects of climate change as well as for climate refuges of biodiversity [36] . Enhanced conservation efforts will play a critical role in efforts to reduce the impacts of climate change on biodiversity and ecosystem services [37] . It is becoming evident that in addition to providing sustainable management of habitats and ecosystems, effective conservation strategies need to mitigate impacts of climate change [32] .
Although the use of ecosystem service markets to support restoration has been questioned in terms of the ability of restoration to deliver specified services [38] , it is also appropriate to ask whether payment for ecosystem services (PES) can help achieve restoration goals, such as the convention on biological diversity (CBD) targets. PES might focus restoration activities on a limited set of services, such as carbon sequestration [39] , whereas other services or biodiversity is neglected. This could be a particular problem when international markets are brought into play, which might override local concerns. The desired link between reversing environmental degradation and alleviating poverty might also be undermined by an excessive reliance on market forces, as poor people do not always benefit from PES [10] . For restoration to contribute both to sustainable development and the alleviation of poverty, it is essential that such financial flows compensate landholders adequately for any costs of restoration and provide an effective incentive to initiate restoration actions. Identifying how this might be achieved, based on understanding of the potential distribution of benefits among different stakeholders and the conflicts that could arise, represents a major challenge to future restoration research and practice [3] .
Various methods of improved grassland management can sequester carbon [14, 15] . However, the global analysis in particular for some regions has a high level of uncertainty. Primary among these uncertainties are the costs at which carbon sequestration is economically viable. Several studies suggest that compared to other mitigation options, grassland mitigation is cost-competitive [16, 17] , but further work is needed to validate this. There are several types of cost to consider regarding any change in management practice, including initial investment costs, annual operating costs, and opportunity costs of income foregone by undertaking the activities needed for avoiding conversion of or improving management of grasslands [40] . While degraded grasslands may have significant potential for carbon sequestration, initial costs of restoration and the delayed return before grasslands recover their productivity imply that costs will not in all cases be low [18] .
